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The preceding paper [R.C. Jennings, E. Belgio, A.P. Casazza, F.M. Garlaschi, G. Zucchelli, Entropy consumption in primary photosynthesis,
Biochim. Biophys. Acta (in press)] is criticized on several grounds.
© 2007 Elsevier B.V. All rights reserved.Keywords: Entropy; Photosynthesis; Second law of thermodynamicsWe have been asked to respond to the preceding paper [1],
which in turn responds to a paper by us [2]. The latter criticized
an earlier conclusion by Jennings and his colleagues [3] that the
initial photochemical reaction of photosynthesis need not obey
the second law of thermodynamics.
Jennings et al. [1] assert that the change in the entropy of a
pigment on excitation (ΔSp) is zero as long as the excited
electronic state remains out of equilibrium with the ground
state. However, the fact that the system is out of equilibrium
does not justify the assumption that ΔSp=0 any more than it
would justify an arbitrary choice of some other value. It only
means that ΔSp must be defined and evaluated in a way that
does not require thermal equilibrium. Boltzmann's statistical
definition of entropy provides a way to do this. Eq. (5) of [2]
uses this standard definition and gives ΔSp for any ratio of the
populations of the excited and ground states (ne/ng), without
regard to whether the system is in equilibrium. The discussion
of equilibration time scales and the energy-gap law in [1] thus is
irrelevant.
Unless one can advance another definition of entropy that is
as general and useful as Boltzmann's, the only defensible
alternative we can envisage would be to say that the entropy of a
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doi:10.1016/j.bbabio.2007.08.002is simply undefined. Neither Jennings et al. [1,3] nor we [2]
took this position.
Jennings et al. [1] obscure the matter by stating that we
assumed a Boltzmann equilibrium in order to evaluate ne/ng. As
[2] explains, the ne/ng ratio conforms to a Boltzmann distribu-
tion only if the pigment ensemble is at thermal equilibrium, and
Eq. (7) of [2] applies only to this limit. The Appendix and Fig. 1
in [2] treat the general case of steady-state illumination with an
arbitrary intensity, when the system may be far from
equilibrium. The point of discussing Boltzmann distributions
was to show that our analysis reduces smoothly to the proper
limit as the light intensity goes to zero. By contrast, in the
treatment advocated in [1], ΔSp would jump abruptly from zero
to a large positive value, depending on an ad hoc decision as to
whether the system was in or out of equilibrium.
The statement [1] that the change in a pigment's Gibbs
free energy on excitation (ΔGp) is approximately equal to the
photon energy (hν0) raises a second issue. Here it is important to
recognize that there is no a priori basis for presuming that ΔGp
has any particular value. To find ΔGp, one must first evaluate
ΔSp and the change in enthalpy (ΔHp) independently and then
combine them in the expression ΔGp≡ΔHp−TΔSp. As [2]
discusses, ΔGp depends on the light intensity and is not simply
the photon energy. ΔGp for a two-state system does become
approximately hν0 at saturating light intensities, when ne/ng
approaches 1; but at low light intensities it goes to zero. In
systems with multiple excited states, strong illumination can
raise ne/ng above 1, making ΔGp greater than hν0. The assump-
tion thatΔGp≈ hν0, without regard to the light intensity, clearly
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Moreover, it leads the authors of [1] to claim that we would find
the increase in the pigment's internal energy (ΔU) to exceed
hν0 under certain conditions. We would not findΔUNhν0 under
any conditions. Their claim results from the erroneous premises
that ΔGp is necessarily large, positive and independent of the
light intensity.
The analysis in [1] is said to pertain to a single photoactive
particle or a photoselected population of such particles, whereas
[2] and an earlier paper by Lavergne [4] considered an ensemble
of excited and ground-state molecules. On the contrary, [2] does
consider the case of a single molecule in addition to that of an
ensemble. In either case, our ΔGp is the sum of two terms, one
of which (ΔGp
0) is an intrinsic molecular property and is inde-
pendent of the light intensity. The second term is an entropic
component that depends on the relative probabilities of finding
the system in the ground and excited states (kBTln(ne/ng)), and
so is a function of the light intensity. Jennings et al. [1] consider
only ΔGp
0, which is the value of ΔGp when ne/ng = 1.
The distinction between ΔGp and ΔGp
0 is important for
several reasons [5]. First, if one is interested in the amount of
work that a photochemical system can do, the pertinent quantity
is ΔGp, not ΔGp
0. The second law also pertains to the total
entropy change, not just an intrinsic molecular entropy change
(ΔSp
0). WhetherΔSp
0 is positive or negative thus has no practical
significance, although relating ΔSp
0 to the structure of the
photosynthetic apparatus might be of interest. Finally, Eq. (9) of
Jennings et al. [3] (Eq. (1) of [1]) remains unbalanced, no matter
how the entropy terms are interpreted. If ΔStotal refers to the
total entropy change, as we [2] thought it did, the equation is
missing the term kBln(ng/ne). If, on the other hand, ΔStotal refers
to an intrinsic molecular property that is independent of ne/ng,
as Jennings et al. [1] now say, then Eq. (9) should not include
the radiation field entropy loss (−hν0/Tr). The radiation entropy
depends on the light intensity through the radiation temperature
(Tr) and so is strongly linked to ne/ng; it is not an intrinsic
property of either photons or the absorber. The inconsistency ofthis approach is clearly revealed in the limiting case of a fully
efficient system (ξ=1 in Eq. (1) of [1]), where the predicted
“entropy consumption of photochemistry” is seen to be
essentially nothing but the entropy loss of the radiation field.
Jennings et al. [1] wrongly claim that their conclusions are
“in agreement with” certain earlier papers (their references [5]
and [9]), including one written by one of the present authors. No
such conclusions concerning ΔGp or ΔSp are found in either
reference, both of which make the point that ΔGp includes an
entropic component that depends on the light intensity.
Jennings et al. [1] also argue that we did not address the
original proposal [3] because we analyzed only the initial exci-
tation. Indeed, we focused on the initial absorption precisely
because that is where we found a serious error in the original
analysis, but we also discussed the entropy changes that occur
during relaxation of an excited pigment. That analysis applies as
well to charge transfer or any other process that follows exci-
tation. As long as we include the entropy increase associated
with dissipation of heat to the surroundings, the net entropy
change during this step must be≥0 and cannot make the overall
entropy change negative. To assert otherwise would require
rejecting the second law entirely, even for processes that do not
involve radiation.
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